mediate inhibition of translation initiation [27] . Repression of nos translation by SMG is mediated via binding to stem-loop structures termed Smaug response elements (SREs; two of which exist within the nos 3Ј untranslated region [UTR]) [24] [25] [26] . SMG has also been implicated in maternal transcript destabilization, but it remains unknown whether transcript decay is an indirect consequence of translational repression or an independent process [5, 26] . Recent analyses of the budding yeast homolog of SMG, VTS1, have shown that it mediates SRE-dependent RNA instability through an uncharacterized mechanism that either directly or indirectly requires CCR4 [28] .
We have shown previously that maternal Hsp83 mRNA is localized to the posterior pole plasm of the early Drosophila embryo via degradation/protection [4] [5] [6] 12] . In this report, we focus on the degradation component of Hsp83 transcript localization. We show that SMG is required for Hsp83 mRNA destabilization in the bulk cytoplasm and present biochemical and genetic evidence that SMG accomplishes this by recruiting the CCR4/POP2/NOT deadenylase complex to Hsp83 transcripts, thus triggering deadenylation and degradation. In contrast to nos mRNA, which is translationally repressed by SMG, SMG does not regulate Hsp83 translation. We argue that SMG and its homologs play an evolutionarily conserved role in recruiting the CCR4/POP2/ NOT deadenylase to trigger destabilization and localization of specific target RNAs. and that both deadenylation and degradation will be SMG dependent. through NOT5, CAF40, and CAF130 [33] . The CCR4/ POP2/NOT complex represents the major cytoplasmic We used an RNase H cleavage method to assess poly(A) tail length in early embryos over the time course deadenylase activity in yeast [19] , is highly conserved from yeast to higher eukaryotes, and has recently been of Hsp83 mRNA degradation. In 0 to 1 hr embryos, the weighted mean length (WML) of the poly(A) tail is 33 shown to function as a deadenylase in Drosophila [34] .
Results

SMG Is Required for Maternal
The identification of Drosophila NOT1 in a complex nucleotides (nt) ( Figures 3A, 3C , and 3E), and we can detect tails as long as ‫051ف‬ nt. Subsequently, the poly(A) with SMG suggested that SMG might induce the degradation of target transcripts by recruiting the CCR4/ tails shorten rapidly, closely correlating with overall destabilization of Hsp83 transcripts ( Figures 3A, 3C , and POP2/NOT deadenylase complex, thus triggering deadenylation and decay. Our model makes the prediction 3E). By 2 to 3 hr after egg laying, 80% to 90% of Hsp83 transcripts have been eliminated; the small fraction that that SMG should associate with CCR4 and POP2. To test this, we constructed transgenes that encode C-terminal remain exhibit tails with a 9 nt WML. As can be seen in Figure 3C , over the time course of the experiment, there HA-tagged Drosophila CCR4 and POP2 and drove their expression in early embryos with the GAL4/UAS system is a striking shift in the distribution of poly(A) tail lengths toward the deadenylated form. In contrast, a control [35] . Extracts were harvested from embryos expressing either CCR4-HA or POP2-HA, and the tagged proteins stable transcript, rpA1, shows little shift in poly(A) tail We conclude that SMG is essential for deadenylation of maternal Hsp83 mRNA during the first 2 hr of emcorrelation is consistent with the hypothesis that SMG recruits the deadenylase to Hsp83 transcripts.
bryogenesis, consistent with the hypothesis that SMG 
4), indicating that SMG is required to target 3ϫSRE
ϩ -containing transcripts for destabilization. These data We conclude that recruitment of SMG to a target mRNA (through either an SRE-dependent mechanism show that recruitment of SMG to heterologous, stable transcripts is sufficient to target them for rapid degradaas with the luciferase transgenes or through an SREindependent mechanism as with Hsp83 mRNA) is suffition during the first two hours of embryogenesis.
We next assayed the poly(A) tail length of luc-tubcient to trigger transcript deadenylation during the first 2 hr of embryogenesis. Our biochemical data strongly 3ϫSRE ϩ versus luc-tub-3ϫSRE Ϫ transcripts. Initially, the poly(A) tails of luc-tub-3ϫSRE ϩ transcripts exhibit suggest that this results from SMG's ability to bring the CCR4/POP2/NOT deadenylase complex to the mRNA. a 34 nt WML. These shorten rapidly before disappearing completely by 3 to 4 hr ( Figures 6A, 6B, and 6E) . In A second, SMG-independent deadenylation/decay pathway initiates after 2 hr of embryogenesis. contrast to the rapid deadenylation seen for luc-tub-3ϫSRE ϩ , luc-tub-3ϫSRE Ϫ mRNAs display poly(A) tails that show an 80 nt WML with no change over the first Functional Genetic Interactions between SMG and CCR4 2 hr (Figures 6A, 6C, and 6E) . Examination of luc-tub-3ϫSRE ϩ transcripts in smg mutants revealed that the To test the functional significance of the molecular interactions observed between SMG and the CCR4/POP2/ poly(A) tails did not undergo significant changes, remaining at ‫77ف‬ nt WML over the first 2 hr of development NOT deadenylase complex, we asked whether altering the dose of the gene encoding CCR4 in a smg heterozy- (Figures 6A, 6D, and 6E) .
These data indicate that recruitment of SMG to an gous mutant background results in defects in maternal 
Hsp83 mRNA destabilization. A chromosomal deletion
we cannot distinguish whether the defects in transcript destabilization are a direct consequence of failure to that removes the gene was used in these experiments [34] . Strikingly, double heterozygotes for smg and recruit the deadenylase to Hsp83 transcripts after egg activation versus a more indirect effect of egg fragility.
Df(3R)crb-F89-4 produce embryos in which maternal
Hsp83 mRNA destabilization and deadenylation is deFurthermore, because Df(3R)crb-F89-4 removes additional genes, experiments using ccr4 point mutations fective ( Figure 7A; Figure S3 ). Further analysis of the embryos showed that they exhibit a "fragile" phenotype, will be required to confirm specificity. Either way, smg and Df(3R)crb-F89-4 clearly exhibit dominant genetic which our previous studies have strongly correlated with failure of transcript destabilization [12] (Figure 7E cf. 7D, Table S2 ). In summary, we have used two different methods to reveal genetic interactions between SMG and a deletion that removes the gene encoding CCR4. The direction of the interactions is consistent with the hypothesis that SMG and CCR4 function in the same molecular complex.
Reduction of CCR4 Protein Levels Stabilizes
Hsp83 mRNA If the CCR4/POP2/NOT deadenylase functions in destabilization of maternal Hsp83 mRNA, then reduction of CCR4 protein levels might result in stabilization of those transcripts. We therefore examined Hsp83 transcripts in early embryos from ccr4 KG00877 /Df(3R)crb-F89-4 females in which it has been shown that CCR4 protein levels are substantially reduced [34] . Maternal Hsp83 mRNA degradation is defective in mutant embryos (Figure 7A) , consistent with a role for the deadenylase in transcript destabilization.
Discussion
Here, we have presented both molecular and genetic evidence that SMG, an RNA binding protein previously implicated in translational control of nos mRNA, is required to recruit the CCR4/POP2/NOT deadenylase complex to maternal Hsp83 mRNA, thus triggering destabilization and localization of these transcripts. This is the first report in Drosophila of a sequence-specific Posttranscriptional Regulation by SMG SMG regulates both destabilization and translational repression of mRNAs during the first 2 hr of Drosophila vide strong in vivo evidence for a functional role of two proteins in the same molecular pathway or complex [37] . embryogenesis. Our data suggest that nos and Hsp83 (and by implication, additional maternal mRNAs) are difTo further assess functional interactions between SMG and CCR4 in vivo, we asked whether reducing the ferentially regulated by SMG. SMG targets Hsp83 mRNA for deadenylation and decay in the bulk cytoplasm but dose of the CCR4 gene suppresses a gain-of-function phenotype caused by misexpression of SMG. To do this, does not translationally repress Hsp83 transcripts (Fig-ure S4) . In contrast, SMG targets both nos and SREtranscripts, including Hsp83, SMG likely serves as a key component of the "maternal" degradation pathway by containing luciferase reporter mRNAs for both translational repression and deadenylation/decay ( Figure S4) . recruiting the CCR4/POP2/NOT deadenylase. A second, "zygotic" RNA degradation pathway initiThe fact that nos transcripts undergo only a modest stabilization in smg mutant embryos suggests that both ates 2 hr after fertilization and requires the synthesis of zygotic products [5, 6, 13]. We have shown here that SMG-dependent and SMG-independent pathways target nos mRNA for degradation.
an SRE-and SMG-independent deadenylation activity, which acts on the luc-tub-3ϫSRE Ϫ reporter, appears SMG-mediated translational repression is accomplished by recruiting the eIF4E binding protein, CUP, to 2 hr after fertilization. Given that the zygotic pathway initiates at the same time, we speculate that this deadentarget transcripts [27] . In contrast, transcript destabilization derives from SMG's ability to recruit the CCR4/ ylation activity represents the first step in the zygotic decay process. At present, we do not know whether POP2/NOT deadenylase complex. Taken together, our data suggest that SMG is able to recruit both CUP and the second deadenylation activity attacks a subset of maternal transcripts nonspecifically or whether it is tarthe CCR4/POP2/NOT complex to nos and luciferase reporter mRNAs. However, it is unknown at present geted via specific cis elements. Interestingly, endogenous transcripts such as bcd, Toll, torso, and hunchback whether both regulatory complexes are targeted simultaneously to the same mRNA molecule or if there is (hb) have been shown to undergo deadenylation 2 to 3 hr after fertilization [38] [39] [40] . Deadenylation of bcd and hb sequential recruitment of the complexes to an mRNA molecule.
transcripts is mediated by specific cis-acting elements within their 3ЈUTRs, which represent binding sites for One possible explanation for SMG's lack of a role in Hsp83 translation is the fact that SMG is recruited to Pumilio (PUM, a PUF RNA binding protein). Thus, for at least two transcripts, the deadenylation process that Hsp83 mRNA through an SRE-independent mechanism. Perhaps this recruitment mechanism is incompatible occurs 2 to 3 hr after fertilization is indeed specific and may be accomplished by the "zygotic" degradation with CUP binding to SMG, thereby preventing SMG from repressing Hsp83 translation. Whatever the particular pathway. targeting mechanism, it is interesting to note that SMG is conserved from yeast to humans and that SMG's Spatial Control of Maternal RNA Stability budding yeast homolog has been implicated in tranHsp83 transcripts are protected from the degradation script decay (see [28] only maternally encoded products [5, 12] . The data pre-
Maternal versus Zygotic Degradation Pathways
The construct for expression of N-terminal TAP-tagged SMG was based on a previously described smg genomic rescue fragment sented here have shown that, for a subset of maternal [30] 
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